enables us to conduct a highly sensitive, non-invasive and quantitative monitoring of activation of the PR-1a promoter by chemicals that induce defense gene expression.
Materials and methods

Isolation of PR-1a gene promoter fragment from tobacco BY-2 cell
Genomic DNA sample was isolated from the BY-2 cells cultured under the condition described previously (Nagata et al. 1992) . Cells were harvested by centrifugation and crushed under liquid nitrogen using mortar and pestle. Extraction and purification of tobacco genomic DNA was carried out according to published methods (Murray and Thompson 1980) . PCR amplification of PR-1a gene was conducted using the following primers containing a restriction endonuclease recognition sites (underlined);
PRF: 5Ј-GGGAAGCTTAAGGACTAAGATATACGAGG-3Ј PRF3: 5Ј-GGGTCATGACTATAGGAGAAATGTTGTAT-3Ј. The PCR was conducted by KOD DNA polymerase (Toyobo) under the condition recommended by the manufacturer. The reaction mixture was kept at 94°C for 4 min, followed by 30 cycles at 94°C for 1 min, 58°C for 1 min, 74°C for 1min and then at 74°C for 3 min. The amplified 1.6 kb DNA fragment, separated by agarose gel electrophoresis, was digested by BspHI and filled-in by a DNA blunting kit (Takara). The DNA was then digested by HindIII and cloned into a HindIII-EcoRV site of pBluescript SKIIϩ (Stratagene). DNA sequence was carried out using a cycle sequencing with a Big-dye terminator kit (Perkin Elmer). The nucleotide sequence data of BY-2 PR1a gene promoter region are available in DDBJ, EMBL and GenBank nucleotide sequence databases as accession number AB086949 ( Figure 1A ).
Plasmid construction
A genomic DNA fragment containing the PR-1a promoter was excised from the plasmid by HindIII/BspHI and inserted into pBI221-lucϩ by replacing the CaMV35S promoter region by digesting with HindIII and NcoI (Matsuo et al. 2001) . Then the plasmid was digested by PvuII/HindIII and inserted into EcoRI-blunt/HindIII digested pBI121 (Clontech). To make the CaMV35S-luciferase construct, we excised the modified luciferase coding sequence from pSP-lucϩ (Promega) by digesting BglII and EcoRV, then inserted it into SacIblunt/BamHI digested pBI121 ( Figure 1B ). The plasmid was transformed into Agrobacterium tumefaciens LBA4404 by electroporation using Genepulser (BioRad) according to the manufacturer's instructions.
Transformation by Agrobacterium
Tobacco BY-2 cells were transformed essentially as described previously (An 1987) . Cells were used after 3 days after splitting the BY-2 cell culture. 4 ml acetosyringone (20 mM) was added to a 9 cm petri dish containing 4 ml of BY-2 cell. Using a 10 ml pipette, the cells were pipetted in and out about 30 times to induce lesions in the cells. 100 ml of over night culture of the bacterial cells were added to a petri dish and mixed thoroughly and then incubated for 3 days at 28°C. BY-2 cells were washed twice with liquid medium containing 500 mg l Ϫ1 carbenicillin and then plated on solid medium containing kanamycin (100 mg l
Ϫ1
) and carbenicillin (500 mg l
). After the selection on solid medium for 3 weeks at 28°C, cells were transferred to the fresh solid medium for further selection. Isolated colonies were transferred to liquid medium containing kanamycin (100 mg l
) for the establishment of cell lines. Cell lines were subcultured at one-week intervals.
in vivo Luciferase assay
Transformed BY-2 liquid culture cells (100 ml) were transferred to a plastic test tube (Sarstedt 55.476 PS) with using a CellSavor tip (Bio-Bik) and mixed gently with an equal volume of 1 mM luciferin (D-luciferin potasium salt, Molecular Probe) aqueous solution. For the promoter induction study, luciferin was added 24 h before the treatment. For treatments with chemicals, cells were adjusted to the desired concentration by (B) . The degree of sequence homology between BY-2 PR-1a promoter sequence and previously described sequences are shown. Location of the as-1-like elements is indicated by stippled box. Accession numbers for BY-2 (this study), Xanthi-nc (Payne et al. 1988 ), Wisconsin38 (Gruner and Pfitzner 1994) and Samsun NN (Cornelissen et al. 1987 ) are AB086949, X12737, X76982 and X05959, respectively RB and LB, T-DNA right and left borders, respectively; NOS pro., nopaline synthase gene promoter; nptII, neomycin phosphotransferase gene; NOS-ter., polyadenylation signal from the nopaline synthase gene; BY-2 PR-1a pro., promoter of tobacco PR-1a gene from BY-2; CaMV35S pro., promoter of cauliflower mosaic virus 35S RNA; lucϩ, modified firefly luciferase gene.
adding the concentrated stock solution containing 10% dimethylsulfoxide (DMSO). Final concentration of DMSO was adjusted to 1% for each treatment and the control. Detection of luciferase activity was carried out using a Lumat LB9501 luminometer (Berthold). During the intervals, cells were maintained in the dark at 28°C in the test tube with occasional shaking.
Results
Because of its clear responsiveness to SA treatment in tobacco BY-2 cells (Horvath and Chua 1996) , we chose a tobacco PR-1a gene promoter for the construction of the luciferase fusion gene. A DNA fragment containing the PR-1a promoter region was amplified from the tobacco BY-2 genomic DNA by PCR primers designed based on the sequence information described previously (Cornelissen et al. 1987) . As shown in Figure 1A , the PR-1a promoter sequence obtained from the BY-2 genomic DNA revealed an almost identical DNA sequence within the TATA-proximal region of the previously reported tobacco PR-1a gene sequences deposited in the databases. The as-1-like element that has shown to be responsible for induction of the PR-1a promoter is conserved, however, several sequence substitutions and insertions were observed within the upstream region of the promoter. The BY-2 genomic PR1a fragment, containing a possible 5Ј non-coding region with the first methionine codon, was fused in-frame to the LUC coding sequence.
Introduction of PR-1a::LUC gene fusion into tobacco BY-2 cells by high efficiency transformation by Agrobacterium resulted in a large number of transformed cell lines. In order to establish transgenic cell lines suitable for in vivo bioluminescence detection of regulated expression of PR-1a promoter, we selected transgenic cell lines that show normal growth. Next, we conducted a series of luciferase assays for the selection and evaluation of cell lines capable of detecting SAdependent induction of luciferase activity. Seven-day-old randomly selected BY-2 transgenic cell lines treated with 300 mM SA showed various expression levels, but most of them exhibited a marked increase in luciferase activities upon SA treatment. On the other hand, similar treatment with BY-2 cells containing luciferase reporter gene under the control of the cauliflower mosaic virus 35S promoter did not show any induction of luciferase activity by SA treatment (data not shown).
In order to examine the influence of culture conditions on this assay system, we compared SA-dependent induction levels of luciferase activities under different culture conditions. Although the induction of luciferase activity was evident in cells at the stationary phase ( Figure 2B, D) , considerably high background levels of luciferase activity were detected from cells at the logarithmic phase (Figure 2A, C) . On the other hand, a gradual decrease of the luciferase expression levels was observed when BY-2 cells harboring the CaMV35S::LUC construct were tested under the same condition ( Figure 2E-H) . The time-course of PR1a::LUC activity obtained by in vivo bioluminescence assay was very similar to the previously described PR-1a mRNA accumulation pattern in BY-2 cells obtained by RNA gel blot analysis (Horvath and Chua 1996) . Induction of the PR-1a::LUC was detectable as early as 6 h after SA treatment, and reached its maximal level in 24 to 36 h.
We examined the induction of PR-1a::LUC by treatment with BTH and INA at various concentrations in comparison with that by treatment with SA. Timecourse measurements of in vivo bioluminescence assay after the addition of BTH, INA and SA resulted in the concentration-dependent induction of PR-1a::LUC activities. However, each compound exhibited a unique induction pattern. PR-1a::LUC expression levels obtained by BTH treatment were comparable to those obtained by SA treatment, but the expression timing was delayed. On the other hand, the PR-1a::LUC expression induced by INA treatment was slow and weak under the experimental condition used in this study. Treatment with 4-hydroxybenzoic acid (4-HBA) resulted in no detectable increase of luciferase activity at any concentration (Figure 3 ). Maximal induction levels were observed at higher concentrations, but treatment with 500 m M BTH lowered the activities of PR-1a::LUC after 36 to 48 h incubation. Constant reduction of luciferase activities similar to SA treatment were observed in transgenic BY-2 cells harboring CaMV35S::LUC (data not shown).
Discussion
For the development of an assay system suitable for monitoring the expression of defense genes we exploited the tobacco PR-1a gene as a model system because its regulated gene expression is tightly controlled by pathogen attack or by chemical treatment that induces SAR responses. Comparison of the PR-1a promoter nucleotide sequence obtained in this study with the previously described data deposited in the databases revealed a sequence polymorphism of PR-1a gene among Nicotiana tabacum cultivars. However, sequence diversity is rather confined to the upstream region relative to the transcription start site. Together with the results obtained in this study, this observation is consistent with the fact that the SA-dependent regulated expression of PR-1a promoter is predominantly determined by the TATA-proximal region of the promoter sequence (Hagiwara et al. 1993; Ohshima et al. 1990 ).
The firefly luciferase has been used as a reporter for the in vivo monitoring of regulated gene expression in plants. Previous studies on the promoter characterization and mutant isolation with promoter-luciferase fusion genes have been carried out successfully. However, a problem associated with the in vivo luciferase assay for monitoring PR gene expression has been reported. In fact, tomato PR gene promoters were shown to be induced by luciferin treatment itself in Arabidopsis (Jorda and Vera 2000) . Moreover, because the bioluminescence reaction of firefly luciferase consumes ATP and oxygen, it is possible that a high level expression of luciferase in the presence of luciferin may interfere with a normal cellular response. In this study, however, we did not observe any induction of the PR-1a promoter activities with luciferin application. The PR-1a promoter activity was induced with SA, BTH and INA. On the other hand, treatment with an inactive SA analogue, 4-HBA, or blank control did not show increase in luciferase activities in the presence of luciferin ( Figure  3) . These results suggest that the induction of luciferase activity observed in our assay system is dependent upon chemicals capable of inducing defense genes. The difference in response to luciferin between the two systems may simply be explained by the difference in physiological condition i.e., mature plants and BY-2 cells. No influence on cellular responses by luciferase overexpression was observed under the condition used in this study even in the transgenic cells harboring CaMV35S::LUC. This suggests that the consumption of ATP and oxygen by luciferase is negligible in the present assay system. Interestingly, our observation suggested that the PR1a::LUC expression levels are affected by the tissue culture condition in BY-2 cells. As shown in Figure 2 , a clear induction pattern of PR-1a::LUC can be observed in cells at the stationary phase. On the other hand, considerably high background expression levels of PR1a::LUC were detected from cells at the logarithmic phase. Since no cell cycle dependent expression of tobacco PR-1a gene has been reported, this phenomenon might be specific to the PR-1a::LUC gene expression in BY-2 cells.
Previous study indicated that the CaMV35S promoter contains an as-1 element that mediates immediate early SA response, however, no SA dependent induction of CaMV35S::LUC was detected under the assay condition of this study. This inconsistency may be due to the difference in promoter length; the CaMV35S promoter used in this study is derived from a 870 bp fragment of pBI221, on the other hand, relatively short promoter region (Ϫ343 to ϩ8) was used in the previous study (Qin et al. 1994) . Also, the difference in CaMV35S promoter responsiveness could be explained by the difference in cell type; tobacco leaves and BY-2 cells.
We used three representative PR-1a gene inducers, SA, BTH and INA for the evaluation of our assay system. Previous studies suggested that BTH and INA activate SAR signal transduction downstream or at the same site of SA (Conrath et al. 1995; Friedrich et al. 1996) . Interestingly, the results shown in Figure 3 demonstrate that these chemicals showed distinct PR1a::LUC expression patterns. SA turned out to be the most active compound as a PR-1a::LUC inducer in this particular assay system. The PR-1a::LUC induction levels obtained by BTH treatment were very similar to those obtained by SA treatment, but the temporal expression pattern was different. It would be interesting to investigate the relationship between the difference in PR-1a::LUC induction pattern and the mode of action of BTH and SA. Although INA is considered to be an active compound capable of inducing defense genes, the results obtained in this study suggest that the mode of induction of the PR-1a gene promoter by INA is distinct from that by SA or BTH. Comparative studies for elucidating the differences in mode of induction by these compounds on transcription activation of defense related genes are currently underway.
In this report, we show that the transgenic BY-2 harboring PR-1a::LUC can be a powerful tool for studying the regulated expression mechanisms of defense genes of which activation is induced by factors such as SA and other chemicals capable of inducing SAR. In addition, the use of a BY-2 cell system would enable us to conduct an assay protocol with multi-well plates for the large-scale experiments (Albert et al. 2006; Narusaka et al. 2006) . On the other hand, unlike the previously reported methods using a sophisticated detection system, the protocol described in this study only requires a conventional luminometer, and may also be suitable to small-scale experiments.
Using Arabidopsis PR-1 gene promoter-luciferase gene fusion, two examples of isolation of mutants that exhibit altered PR-1 gene expression have been reported (Maleck et al. 2002; Murray et al. 2002) . However, quantitative data for PR-1 promoter induction upon chemical treatment have not been reported in detail. On the other hand, we could conduct detailed quantitative monitoring of the defense gene induction in this study. As shown in Figure 3 , induction by less than 5 mM of SA or BTH treatment was readily detectable in this assay system. Compared with the previously described induction experiments in response to treatment with SA or BTH, the sensitivity of this assay system was about 10 to 100 times higher Tanaka et al. 2006) .
Using the present assay system, it would be possible to quantitatively monitor the activities of unknown chemicals capable of inducing defense gene expression (Nakashita et al. 2002) . This quantitative gene expression monitoring system may be particularly useful for the high-throughput screening in the search for chemicals that induce defense responses in higher plant cells and the characterization of their properties.
